Crop residue management received little attention until about 1970. Records of crop residue production are limited, but crop yield databases have been available since 1865. Carbon sequestration and other conservation benefits require a detailed knowledge of crop residue production and management. Our objectives are to: (i) review grain and biomass yield, harvest index (HI), and root C/shoot C ratios (k) of major grain crops in the USA; (ii) discuss historical agriculturalpractice impacts on soil organic C (SOC); and (iii) compare estimates of total (above-and belowground) source C production (ESC) relative to minimum source C inputs required to maintain SOC (MSC). Aboveground MSC input averaged 2.5 6 1.0 Mg C ha 21 yr 21 (n 5 13) based on moldboard plow sites and 1.8 6 0.44 Mg C ha 21 yr 21 (n 5 5) based on no-till and chisel plow sites. These MSC values included only aboveground source C, thus underestimate the total MSC. When ESC is estimated from k, including rhizodeposition (k rec ), the true magnitude of the C cycle is at least twice that when ESC is estimated using k excluding rhizodeposition (k his ). Neglecting rhizodeposition C underestimates the net production of C in cropland. Current yields and measured MSC predict continued SOC loss associated with soybean [Glycine max (L.) Merr.] and some wheat (Triticum aestivum L.) production management unless conservation tillage is used and ESC is increased. The adequacies of ESC to maintain SOC has direct implications for estimating the amount of crop residue that can be harvested and yet maintain SOC.
S OIL organic C is the net result of simultaneous processes, the addition of floral and faunal biomass and the C losses due to biological respiration and physical losses related to tillage, erosion, and leaching and runoff of dissolved organic C as part of the C cycle. Terrestrial C stocks are sensitive to changes in land management (e.g., conversion to cropland, or changes in crop rotation or tillage system), climate, and soil. Inventories of soil C stocks are necessary for the development of strategic policies regarding U.S. agriculture and its associated environment (Eve et al., 2001) . Inventories (e.g., Eve et al., 2001 Eve et al., , 2002 ) are helpful; however, an improved inventory of current and potential source C inputs is needed. Source C, as used in this review, refers to the organic C inputs derived from plant biomass .
A net loss of SOC (20-60%) was measured in most agricultural land in the first 50 yr after conversion from its native prairie or forest state (Huggins et al., 1998a; Janzen et al., 1998; Lal et al., 1998; Follett et al., 1997) . In prairie soils, C losses were 17% in the upper landscape position and .70% in the footslope position (Slobodian et al., 2002) . Greater biomass production and greater retention of crop residues through adoption of a diverse crop rotation and conservation tillage (especially no tillage) that retains crop residue on or near the soil surface can often reverse this loss and increase SOC (Lal et al., 1998; Allmaras et al., 2000; Reicosky and Allmaras, 2003 ). An increase in organic C inputs relative to the CO 2 efflux or other losses (e.g., tillage, erosion, or leaching) is necessary to increase SOC.
Before we continue our discussion of the C cycle, we would like to define related terms. We use the term soil organic matter (SOM) as defined by Stevenson (1994) to include the whole of organic matter in soils including litter, light fraction, microbial biomass, water-soluble organics, and stabilized organic matter. Soil organic C is the C fraction of these pools. Carbon from all these various pools is included when SOC is determined by combustion methods, except surface litter, if the samples are sieved to remove surface litter. According to the Stevenson (1994) definition, most SOM is comprised of stable organic matter, which are protected pools having a mean residence time of .5 yr, to the very recalcitrant C, which may have mean residence times on the order of centuries or longer. Stable organic matter or humus corresponds to the Soil Science Society of America (1998) definition of SOM. Generally, SOM is calculated by assuming SOM is 40% C by mass, therefore values reported in the literature usually fit the Stevenson (1994) definition of SOC and SOM. Therefore, in this review, SOM reflects the broader definition as defined by Stevenson (1994) .
The simple C cycle showing the flow of C from photosynthesis to the roots, through the soil, and back to the atmosphere is presented in Fig. 1 to exemplify complexities of understanding the rapid C cycling within an agricultural system. In this schematic, the C found in various pools (stable SOM, decomposing tissue, soil organisms, free organic C, exudates, etc.) all contribute to SOC. Photosynthate provides the energy for plant (above-and belowground) growth and maintenance, but a significant fraction, as much 40% (Johnen and Sauerbeck, 1977) provides food for the belowground food web. A unit of C captured, reduced, and moved through the plant and soil organisms may traverse several trophic levels before returning to the atmosphere as CO 2 and only a small fraction becomes stabilized SOM. Stabilized SOM is not immune to decomposition, but decomposes at a slower rate. Soil respiration combines live root respiration and respiration of other soil organisms. Some fungi and bacteria are primary feeders on sloughed root cells, root exudates, or other rhizodeposits, which links their respiration directly to root-derived C. Moving up the food web, heterotrophs feed on primary consumers, other micro-and mesofauna, detritus, and SOM; their respiration then is linked indirectly to rootderived C. The decomposition and humification of plant and faunal material form stable SOM. Further decomposition of SOM releases free organic C compounds and ultimately organic C is converted into inorganic CO 2 .
Nonphotosynthetic C fixation via phosphoenolpyruvate carboxylase, which catalyses the carboxylation of phosphoenol pyruvate using HCO 3 2 to form oxaloacetate and inorganic P (Latzko and Kelly, 1983) , may be important for C balance in roots (Poel, 1955; Maxwell et al., 1984; Vuorinen et al., 1992) , especially during N assimilation (Vance et al., 1983; Maxwell et al., 1984) and organic acid exudation from P-starved lupin (Lupinus albus L.; Johnson et al., 1996) . A detailed discussion of direct C fixation by roots is beyond the scope of this review, but is presented as an example of other complexities of the C cycle that are not well understood.
The study of root systems and belowground processes has not received as much attention as their aboveground counterpart (Norby, 1994 ). An understanding of belowground processes requires measurement of root biomass and rhizodeposition including mucilage, sloughed cells, and root exudates (Johnen and Sauerbeck, 1977) . Root biomass values from periodic sampling of roots can differ greatly from gross root production (including rhizo- Fig. 1 . Schematic of photosynthate fate (modified from Smucker, 1984) . The C in the various pools (stable SOM [soil organic matter], decomposing tissue, soil organisms, soluble C pools, exudates, etc.) contributes to soil organic C. The rate and amount of translocation depends on age, nutritional status, and genetics of the plant. Labeling studies indicate about 50 to 70% of photosynthetic C remains above ground and 20 to 30% is translocated below ground. Of the translocated C, about 50% is used for root growth, and about 30% moves into the rhizosphere or is released during root respiration (Johnen and Sauerbeck, 1977; Kuzyakov and Cheng, 2001; Kuzyakov 2002a Kuzyakov , 2002b . Molina et al. (2001) predicted that 24% of the net C fixed by photosynthesis became rhizodeposition, which is C found in the rhizosphere derived from root exudates, mucigel, and sloughed cells. Rhizodeposition is a critical component for driving the belowground food web. Respired CO 2 can be recycled into roots via nonphotosynthetic carboxylation of phosphoenol pyruvate using HCO 3 2 to form oxaloacetate by the ubiquitous plant enzyme phosphoenol pyruvate carboxylase (Latzko and Kelly, 1983) . Nonphotosynthetic C fixation may be important for balancing C in roots (Vuorinen et al., 1992) . The decomposition and humification of plant and faunal material forms stable SOM. Further decomposition of SOM releases free C compounds and, ultimately, organic C is converted into inorganic CO 2 . deposition) associated with root turnover (Goss and Watson, 2003) . The amount of photosynthate translocated belowground during the entire growing season has been estimated based on assumptions derived from laboratory and controlled studies (Johnen and Sauerbeck, 1977; Kuzyakov, 2002a Kuzyakov, , 2002b , but results extrapolated from laboratory studies to field conditions can by hampered by temporal and spatial variation in the field.
Growing concerns about agriculture's potential negative or positive impacts on climate change call for more knowledge about all aspects of C cycling (Lal et al., 2003) . More detailed evaluation of the processes controlling soil C dynamics in agricultural systems is required to improve the management of soil C stocks such that more C is sequestered to reduce the rate of increase in atmospheric C levels. The growing interest in using crop residues as renewable energy (Biomass Technical Advisory Committee, 2002; Wilhelm et al., 2004) demands that we have accurate estimates of MSC to sustain long-term soil productivity, including biomass cover for erosion control. Our objectives are to: (i) review grain yield, HI, biomass yields, and root C/shoot C ratios (k his and k rec ) of seven major grain crops in the USA; (ii) discuss historical practices in agriculture, which have earlier accelerated the decline of SOC and then improved the potential to sequester C; and (iii) compare ESC relative to MSC. This review focuses on the input component rather than a detailed discussion of the SOC loss mechanisms, such as erosion or leaching. A conceptual pathway is presented using published data to estimate MSC and using yield databases, HI, k his , and k rec from the literature to calculate source C available for SOC and simple extrapolation techniques to discuss the potential for current and future source C inputs to maintain or increase SOC.
GRAIN YIELD: PAST AND PRESENT
Grain yields were relatively low and constant until after the 1930s (Fig. 2) while U.S. farmers focused on food production and their own solvency (Cochrane, 1993) . Depending on the crop, historical records show grain yields increased 92 to 344% from 1940 to 2000 (Table 1 ). Many mechanical, genetic, and chemical (pesticide and fertilizer) technological innovations contributed to the increased production (Ruttan, 1982) . Stewart et al. (2005) estimated that commercial fertilizer (especially N and P) accounts for 30 to 50% of the yield increase since 1940. The use of P and K commercial fertilizers began in the 1940s, with most N fertilizer chemically associated with phosphates; the large increases in N fertilizer use began around 1960 with the production of anhydrous NH 3 by the Bosch Há ber process (Allmaras et al., 1998; Keeney and Hatfield, 2001) . Genetic improvements account for 28 to 39% of the sorghum [Sorghum bicolor (L.) Moench] yield increase (Miller and Kebede, 1984; Unger and Baumhardt, 1999) , about 60% for soybean (Voldeng et al., 1997; Kumudini, 2002) , about 60% for corn (Zea mays L.; Duvick, 1992; Tollenaar and Lee, 2002) , 30 to 60% for wheat (Brancourt-Hulmel et al., 2003) , and 30 to 50% for barley (Hordeum vulgare L.; Ortiz et al., 2002; Abeledo et al., 2003) . Genetics and improved management interact closely in influencing final yield; thus, it is the interaction of these factors that is responsible for increases in yield with time (Evans and Fischer, 1999; Duvick, 2005) . Evans and Fischer (1999) indicated that the maximum yield potential of certain crops (e.g., corn)
has not yet been realized; therefore, the potential for increased biomass production continues. Corn has an estimated genetic yield potential of 25 Mg ha 21 (Tollenaar, 1983; Tollenaar and Lee, 2002) . Much of the observed yield increase in corn is attributed to improved tolerance of high plant populations as well improved tolerance of biotic and abiotic stress, rather than to improved yield per plant at low population density (Tokatlidis and Koutroubas, 2004) . Transgenic crops are now providing herbicide tolerance and insect resistance, which may also increase yield potential (Duvick, 2005) . (Donald and Hamblin, 1976; Hay, 1995) ; however, since its introduction for comparing cereal cultivar improvements due to plant breeding, HI has been estimated frequently for a wide array of species, cultivars, and growing conditions. Harvest index is calculated (Donald and Hamblin, 1976) as:
where Y gr is harvested grain and Y biol is the total aboveground biomass including the harvested grain (aboveground net primary production) at maturity. Harvest index has increased about 45% during the 1940 to 2000 period for most crops (Table 1) . Generally, this increase has been attributed to genetic improvement (Miller and Kebede, 1984; Simmons, 1987; Cox et al., 1988; Voldeng et al., 1997; Kumudini, 2002) . Harvest index reaches a maximum when there is little or no nutrient or water stress (Prihar and Stewart, 1991) . Adverse field conditions may distort estimates of HI when foliage is damaged from hail (Halvorson et al., 2002) , foliar disease (Peltonen-Sainio and Karjalainen, 1990) , and insect damage (Riedell and Evenson, 1993) . Nutrient stress Vetsch and Randall, 2004; Wilts et al., 2004) and water stress (Robinson, 1978; Eck and Musick, 1979; Jones and Popham, 1997; Lyon, 1998; Linden et al., 2000; Prince et al., 2001 ) usually reduce HI. The timing of final biomass determination also plays a significant role in HI estimates, especially in species that abscise leaves before grain harvest, such as soybean. These species can have a 20 to 30% positive bias because of leaf loss before harvest (Schaupaugh and Wilcox, 1980; Morrison et al., 1999) . There are limitations due to other unknown stresses; however, HI of an unstressed crop, as noted for 2000 in 
We use HI and reported yield to estimate Y r for C inputs to form SOC, recognizing that HI is influenced by cultivar and the environment as discussed above.
RESIDUE PRODUCTION, MANAGEMENT, AND SOIL ORGANIC CARBON: PAST AND PRESENT
Especially before 1940, many agronomic practices reduced soil C and were not conducive to sustained biomass production (Allmaras et al., 1998) . Crop residues were often mistakenly considered problematic, and efforts to accommodate crop residue was referred to as "trash management" (Larson, 1979; Power and Follett, 1987) . Typically, farmers moved the crop and associated residues to a central point for threshing so the residue (vs. the grain) could be used for feed and livestock bedding. Frequently, straw stacks and corn stover, especially the cobs, were burned. During this period, very little commercial fertilizer, especially N, was used to replace nutrients removed with the harvested grain and biomass. Other management practices that accelerated SOC loss included fallow and tillage, such as moldboard plowing or other soil-inverting tillage practices. Consequently, SOC levels decreased as much as 60% below the original value in tallgrass prairie soils before 1870 (Paustian et al., 1997; Huggins et al., 1998a; Lal et al., 1998) . Decreases of SOC in semiarid lands ranged between 20 and 40% after cultivation began (Follett et al., 1997; Janzen et al., 1998; Peterson et al., 1998) . It was not until about 1980 that sequestering C as SOC was recognized as a means to remove atmospheric CO 2 , thus reducing potential global climate change (Council for Agricultural Sciences and Technology, 1992) .
Crop residue was calculated using Eq.
[2], biomass yield, and HI (Table 1) . Crops now produce more biomass than at any time in the past. Crop residue biomass increased 12% (barley), 112% (corn), 20% (oat [Avena sativum L.]), 150% (sorghum), 2% (soybean), and 26% (wheat) between 1940 and 2000. Now, more of the biomass also remains at the site of production because of current livestock management (e.g., fewer crop residues removed for bedding) and improved harvest technology. For example, without modern wheat harvest technology, only ,20% (,680 kg ha
21
) of the 3420 kg ha 21 vegetative biomass produced by a crop of semidwarf wheat in 2000 would be returned to the field (Douglas et al., 1989) . Harvesting with corn pickers in 2000 instead of combines would reduce the corn residue returned to the field from 7450 to 4990 kg ha 21 due to the removal of the corn cob after shelling off site (Ritchie and Hanway, 1982) . Increased biomass production, improved crop residue management (e.g., leaving residue in the field and on the soil surface) associated with conservation tillage management, and increased fertilizer inputs have all contributed to decreased rates of soil erosion and associated loss of soil C (Allmaras et al., 1998; Lal et al., 1998; Sperow et al., 2003) .
TOTAL ROOT CARBON (ROOT BIOMASS CARBON PLUS RHIZODEPOSITION CARBON)
In a cropping system, the vegetative aboveground biomass and the root system represent the available organic source C inputs into the soil, unless manure or another organic amendment was applied, which adds additional inputs. Understanding the role of C translocated belowground is critical to understanding the soil C cycle. It is the reduced C (photosynthate) translocated Reproduced from Agronomy Journal. Published by American Society of Agronomy. All copyrights reserved.
belowground that supports root growth and maintenance; root biomass plus root rhizodeposition provides the energy inputs into the soil food web (Fig. 1 ). Balesdent and Balabane (1996) , Allmaras et al. (2004) , and Wilts et al. (2004) noted the relative importance of root biomass C plus rhizodeposition (total root C) compared with shoot C. An accurate accounting of total root C sources is critical for assessing the overall plant-derived C inputs into the soil.
Root Measurements and Interpretation
There are many challenges for estimating the amount and forms of C allocated belowground (Smucker, 1984) . Root plasticity and variability (spatial and temporal) together with sampling challenges make it very difficult to accurately measure root biomass. As noted by Taylor (1986) , all root biomass sampling techniques (e.g., soil cores, monoliths, minirhizotron, etc.) are hampered by high variability, loss of fine root biomass, and high labor requirements. Moreover, overall gross root production including rhizodeposition is not adequately represented by periodic root biomass sampling (Goss and Watson, 2003) . Hence, root biomass sampling alone is inadequate for estimating belowground source C inputs. Direct measurements of rhizodeposition are hampered by their inherent labile nature, even in controlled environments (e.g., Hoffland et al., 1990; Hutsch et al., 2002) . Moreover, the amount and form of rhizodeposition are influenced genetically and environmentally (Marschner, 1995) .
Roots and rhizodeposition are mechanisms for moving C below the zone of tillage. Vertical root growth distributes the root biomass C and rhizodeposition throughout the soil profile. The quantity and location of this C requires knowledge of the depth and amount of root C throughout the entire rooting depth. Rooting depths of annual crops range from ,0.5 to ,3.0 m (Borg and Grimes, 1986; Dardanelli et al., 1997; Merrill et al., 2002; Stone et al., 2002) in contrast to perennial root crops such as alfalfa (Medicago sativa L.), which can reach depths of 6 m after several growing seasons (Borg and Grimes, 1986) .
Root biomass in grams measured by root extraction, root length density (RLD in meters per cubic meter) or total root length (TRL in kilometers per square meter) measured by minirhizotron or root extraction are common determinants of rooting characteristics. Root length density is an excellent measure of comparative rooting depth (Merrill et al., 2002) . When combined with specific root length (in kilometers per kilogram), RLD allows an estimation of both root biomass (in the absence of direct biomass measurement) and root/shoot ratio (belowground biomass divided by aboveground biomass, in kilograms per kilogram).
Reported TRL for soybean varied from 2.5 km m 22 in a 0.75-m profile (Barber, 1978) , 5.5 km m 22 in a 1.8-m profile (Sivakumar et al., 1977) , and 7.7 km m 22 in a 1.4-m profile (Merrill et al., 2002) . A TRL of 9.9 km m 22 in a 1.8-m profile was reported for sunflower (Helianthus annuus L.) by Merrill et al. (2002) . Spring wheat was reported to have 15.5 km m 22 in a 1.4-m profile (Merrill et al., 2002) , similar to the values for spring wheat and spring barley reviewed by Barraclough et al. (1991) (Newell and Wilhelm, 1987) to 15.8 km m 22 in a 0.9-m profile (Dowdy et al., 1991 ) and a very high value of 45 km m 22 in a 1.0-m profile (Hilfiker and Lowery, 1988) . Connor and Hall (1997) found sunflower and annual legumes to have similar RLDs, which are typically shorter than in roots of cereals and other monocots. Van Noordwijk and Brouwer (1991) summarized that cereals including corn have ,200 km kg 21 specific root length and dicotyledonous crops range from 100 to 400 km kg 21 . The wide-ranging TRL and RLD values for different species reflect large variation in potential root biomass C inputs, both amounts and placement.
It has long been recognized that soil environment (e.g., local available water, nutrient placement and local availability, microbial activity, soil structural variations related to root impedance, and thermal variations) modifies root growth and development (e.g., Drew, 1975; Drew and Saker, 1975; Russell, 1977; O'Toole and Bland, 1987; Rendig and Taylor, 1989) . Plant growth, including root-shoot relationships, has a thermal and developmental component. Klepper et al. (1984) described the relationship between shoot (stem and leaf) and root development on a thermal-time basis in winter wheat. Porter et al. (1986) then used field-measured relations to simulate the development of TRL (37.5 km m 22 ) in the top 100 cm, the bulk of which was associated with first-order laterals (29.8 km m
22
). The roots of most species may proliferate in parts of the root zone differentially, depending on the soil environment (e.g., nutrient availability, bulk density, and water or air status). Cultivars in some species may respond differently to these root zone variations of soil environment (O'Toole and Bland, 1987; Klepper, 1991) . In general, environments such as low N, impeded gas flux, deficient or excessive water supply, high bulk density, or nonoptimal temperatures in the root zone increase root/ shoot ratios in the very early vegetative stages of growth (Klepper, 1991) . Brouwer (1983) developed the concept of a functional equilibrium between roots and shoots of young developing plants. Klepper (1991) used Brouwer's concept to explain the interdependence of roots and shoots, in which each is considered a compartment or "sink" of biomass C supply that is essential to the other.
Beyond early vegetative stages, the root/shoot ratio decreases as a result of N fertilization because shoots tend to be more responsive than roots, although the biomass of both roots and shoots increase in response to N application (Russell, 1977; Jenkinson, 1981; Anderson, 1988; Huggins and Fuchs, 1997; Sattelmacher et al., 1990) . The increased shoot biomass produced by greater N fertilizer rates to cereal crops was facilitated by reduced lodging associated with an increased HI, especially in semidwarf wheat (Simmons, 1987) , stiff structural barley stems (Anderson and Reinbergs, 1985) , and less stalk Reproduced from Agronomy Journal. Published by American Society of Agronomy. All copyrights reserved.
with less lodging in corn (Duvick, 1992) . Anderson (1988) found that N fertilization of corn increased shoot growth, TRL, specific root length, and total shoot N, but did not change root weight. Huggins and Fuchs (1997) found an increased grain yield and stover biomass based on measured HI, but a smaller increase in root biomass due to N fertilization. Jenkinson (1981) cited a number of long-term Rothamsted studies where N-fertilized wheat showed a greater increase in shoot biomass than root biomass. Both Jenkinson (1981) and Huggins and Fuchs (1997) commented that the total effect of N fertilization on belowground plant parts requires a measure of rhizodeposition response. Sattelmacher et al. (1990) found a similar decreased root/ shoot ratio in potato (Solanum tuberosum L.) with increased N availability. Barraclough et al. (1991) showed that N fertilization increased wheat rooting depth to as deep as 1.2 m under both irrigation and dryland management. Rooting depth was 20 cm deeper under a dryland than an irrigated environment, and rooting was 20 to 30 cm deeper when soil was not compacted in the 20-to 40-cm layer.
As one would expect, roots display genotypic and phenotypic variation. Mitchell and Russell (1971) observed genotypic variation in soybean biomass and rooting depth, but the seasonal rooting response to a 168C soil isotherm controlled the depth of rooting (Mason et al., 1982) ; this result was supported by Kaspar and Bland (1992) , who also reported a strong dependence of rooting depth on seasonal isotherms. Hurd (1974) demonstrated a genotypic drought tolerance of wheat, such that the response remained consistent when compared under different initial profiles of soil water content to 120 cm. Sorghum has phenotypic plasticity, in that some cultivars produce deeper roots and greater RLD below 100 cm when the water supply above the 100-cm depth is limited by deficient rainfall (Jordan and Miller, 1980; Jordan and Monk, 1980) . These deeper rooting cultivars also had a larger shoot biomass corresponding to an increased root/shoot ratio when there was a rainfall deficiency. Riedell and Evenson (1993) found that single-cross corn hybrids of the 1970 and 1980 eras produced larger root systems than those of the 1960 era as determined by a standard root-pull technique to characterize resistance to corn rootworm damage. These 1970-and 1980-era hybrids also lodged less and produced more grain even though no change in HI was observed. Riedell and Evenson (1993) supported the earlier conclusion of Duvick (1992) that newer hybrids tolerate N and water stress in a high population density and produce more shoot growth and larger root systems. Siddique et al. (1990) measured a lower specific root length in a new dwarf wheat cultivar in the upper 15 cm compared with an older cultivar; comparative values were 50 vs. 100 km kg
21
, respectively. At depths below 15 cm, the newer (dwarf) cultivar had a greater specific root length than the older cultivar. Clarkson (1985) concluded that 20% of the total photosynthate exudes from root tips; thus, more exudation is expected with more root tips per unit of RLD, as shown by Siddique et al. (1990) .
Estimating Total Root-derived Carbon (Root Biomass Carbon plus Rhizodeposition Carbon)
Even if all root biomass at physiological maturity were measured accurately, biomass alone would still underestimate the total amount of root-derived C because rhizodeposition was not measured. Estimates are that 2.5 to 6 times the amount of C incorporated into root biomass may be represented as rhizodeposition (Johnen and Sauerbeck, 1977; Molina et al., 2001) . Molina et al. (2001) predicted that 24% of the net photosynthetic C in corn became rhizodeposition; root biomass retained less photosynthate C than was released from roots to rhizodeposition, but actual root biomass contributed more C to SOM. Much of the rhizodeposition is highly labile and therefore cycled through the soil food web during the growing season, with the respired portion of the C returned to the atmosphere as CO 2 (Fig. 1) . Carbon cycle models based on recoverable root biomass alone underestimate C movement from the shoot to the root and the root to the soil pools (Edwards et al., 2004) . Labile rhizodeposits represent a large amount of C not included in root biomass (Hü tsch et al., 2002) ; however, they have a critically important role in soil C sequestration and biological activity (Balesdent and Balabane, 1996; Allmaras et al., 2004; Wilts et al., 2004; Hooker et al., 2005) and soil aggregation (Tisdall and Oades, 1982; Hü tsch et al., 2002) . Unless there is a large increase in SOC due to rhizodeposition, the SOC turnover rate is overestimated. Jenkinson (1981) defined the soil turnover rate as the SOC sequestration rate divided by annual source C inputs, which is essentially the same as the C sequestration efficiency defined by Follett et al. (2005) . For example, Follett et al. (2005) reported C sequestration efficiency of 24% when only aboveground C was included in the annual source C, but a C sequestration efficiency of 11% when residue C plus belowground C plus weedresidue C were included, emphasizing the need of improved estimates of total C inputs.
Historically, the root C/shoot C ratio (k his ) was defined as
Root biomass C Harvested grain C 1 Vegetative aboveground C [3] where k his is dimensionless and C is expressed as a mass. This ratio is calculated from C recovered in the root biomass at physiological maturity, which excludes C from rhizodeposits. We used Eq.
[3] to calculate k his values of 0.50, 0.33, and 0.37 for wheat, corn, and soybean, respectively, using the extracted root biomass C (1.54, 3.14, 1.25 g, respectively) at physiological maturity divided by total aboveground C (3.1, 9.56, 3.37 g, respectively) reported by Buyanovsky and Wagner (1997) . These k his values are higher than those computed by Huggins and Fuchs (1997) and from data presented by Wilhelm et al. (1982) and Klepper (1991) for wheat and corn, which probably reflects variation resulting from different root-washing procedures.
More recent work has attempted to include rhizodeposits in a variable similar to k his . Total root C is root biomass C plus rhizodeposition C (Balesdent and Reproduced from Agronomy Journal. Published by American Society of Agronomy. All copyrights reserved.
Balabane, 1996; Allmaras et al., 2004; Wilts et al., 2004) defined as
Root biomass C 1 Rhizodepostion C Harvested grain C 1 Vegetative aboveground C
[4]
Buyanovsky and Wagner (1997) used soil-applied 14 Clabeled crop residue to estimate that rhizodeposition C represented 40% of root biomass C plus rhizodeposition C. Their total root C corresponds to 2.57, 5.24, and 2.09 g C for wheat, corn, and soybean, respectively. The corresponding k rec values using Eq. [4] are 0.82, 0.55, and 0.62 for wheat, corn, and soybean, respectively.
Methods that account for rhizodeposition and seasonal contribution provide an improved estimate of the total root-derived C in the belowground C cycle. Follett et al. (1997) used a k rec value of 0.53 to calculate total wheat-root C inputs. An estimate of k his 5 0.15 for sunflower included only the C in the recovered root biomass (Robinson, 1978) ; if we assume 60% of root C is from biomass (Buyanovsky and Wagner, 1997) , then k rec is 0.25. Pulse labeling with 14 CO 2 indicates that the k rec for wheat may be at least 0.60 (Swinnen et al., 1994; Kuzyakov, 2002a; Kuzyakov, 2002b) . Critics of controlled studies argue that the period for 14 CO 2 exposure is less than in a field season of plant growth. Therefore, the rhizodeposition, root/shoot ratio, and k his values are all underestimated because not all the C contributed during the season is labeled. Wilts et al. (2004) reported k rec values of 1.14 to 1.17 for corn in a field study. Measurements of seasonal soil CO 2 efflux during corn production (Rochette and Flanagan, 1997; Rochette et al., 1999a; Brye et al., 2002 ) suggest a k rec much closer to 1.14 (Wilts et al., 2004) . A seasonal soil CO 2 efflux during barley production after corn (Rochette et al., 1999b) suggests that the k rec values of barley must also be larger than the k his 5 0.48 for wheat calculated from Buyanovsky and Wagner (1997) .
Estimates of Total Root Carbon: Past and Present
Grain yield, HI (Table 1) , an assumed average C concentration of 0.4 kg kg 21 for both above-and belowground biomass, and conservative k rec values (Table 2) were used to estimate past and present total root C. We can calculate changes in the amount of root C between 1940 and 2000, similar to what was done above for grain and residue yields. For example, calculation of barley root C in 1940 (Table 1) Thus, total root C increases were: barley (63%), corn (190%), oat (44%), sorghum (210%), soybean (32%), and wheat (66%). Total root plus vegetative shoot C (Table 2 ) during this 60-yr period increased 35% for barley, 150% for corn, 31% for oat, 180% for sorghum, 16% for soybean, and 44% for wheat. These increases in total root C assume a constant k rec value with time, which requires verification. There is some evidence to suggest k rec may have changed. Allmaras et al. (2004) observed that rhizodeposition from corn increased by 100% with N fertilizer compared with no N fertilizer, which suggests a significant increase in k rec after 1960, due to N application increases not taken into account in Table 2 . Wilts et al. (2004) observed similar N effects on rhizodeposition. These observations suggest caution in evaluating this approach, but provide a conservative estimate, which is probably more accurate than when rhizodeposition is ignored. Long-term studies generally show that SOC is greater in systems receiving N fertilizer than those with zero or low N inputs (Paustian et al., 1997) . Diekow et al. (2005) reported increases in SOC and soil N with N fertilizer and legumes, which they attributed to a larger crop residue input; however, Clapp et al. (2000) found that the soil continued to lose SOC although their moldboard-plowed treatment with fertilizer had returned the greatest amount of residue. They observed an increase in SOC only when stover was returned and fertilizer was applied in the conservation (chisel plow) or no-tillage treatments. Reicosky et al. (2002) reported similar results; they found an SOC loss regardless of fertility or other residue management treatments when soil was moldboard plowed for 29 yr. Follett et al. (2005) observed that no-till with N fertilizer in an irrigated wheatcorn (double crop) rotation had the potential to sequester C in central Mexico.
Impact of Rhizodeposition on Soil Organic Matter
The impact of rhizodeposition on SOM turnover appears to be dependent on the source or form of the rhizodeposits. Total root-derived C contributes 1.5 times to .3 times more C to SOC than shoot-derived C (Balesdent and Balabane, 1996; Allmaras et al., 2004; Wilts et al., 2004; Hooker et al., 2005) . Hooker et al. (2005) attributed the difference to different cycling rates of shoot and root material. When preferentially consumed by microbes, rhizodeposition may retard decom- Table 1 3 0.4 kg C kg 21 estimated mean C content in shoot and root. ‡ Estimated root biomass plus rhizodeposition C/grain C plus vegetative C ratio (k rec ) 5 0.60 for barley, corn, oat, sorghum, soybean, and wheat (Swinnen et al., 1994; Buyanovsky and Wagner, 1997; Kuzyakov, 2002a) ; k rec 5 0.25 for sunflower (Robinson, 1978) . § NR 5 not reported.
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position of more recalcitrant plant biomass and native SOM (Goudrain and De Ruiter, 1983; Lekkerkerk et al., 1990; Torbert et al., 2000) . This is contrary to the soybean rhizosphere effect, which was first identified in a controlled environment study comparing four plant species (Fu and Cheng, 2002) . Cheng et al. (2003) studied the rhizosphere priming effects from soybean and spring wheat on SOM decomposition and concluded that soybean can prime decomposition in the rhizosphere sufficiently to intensify crop residue and SOM decomposition, but spring wheat did not prime SOM decomposition to the same extent. The residue priming effect was responsible for a major portion of the total soil CO 2 efflux from the soybean system. Soybean, induced decomposition of relict SOC has been found in a field study (D. Huggins, personal communication, 2005) . Sisti et al. (2004) found that the quality of the crop residue had little impact on the decomposition of native SOM in a notill system. In the same study, incorporation of residues by tillage with an average C/N ratio of 24 to 30 stimulated faster decomposition of native SOM than incorporation of residue with an average C/N ratio of 36. Clapp et al. (2000) noted that N application reduced the decomposition loss of relict SOC; similar results were noted by Green et al. (1995) in a laboratory study. Clearly, there are many questions yet to be answered on the interaction of management on belowground C dynamics.
Both root biomass C and rhizodeposition C are influenced by genetic and environmental factors, which add to the complexity of accurately estimating k res . Early in the growing season, relatively profuse root exudation provides source C for an active microbial community. Carbon contribution to the rhizosphere as a proportion of photosynthate decreases as the plant approaches physiological maturity. Source C in the root zone early in the growing season is derived mainly from three sources: senescing roots, shoots incorporated from the previous season, and photosynthate translocated from the shoot during the current season (Kuzyakov and Cheng, 2001) . Nutrient availability also influences root exudation composition and rates. Frequently, low-molecular-weight root exudates (such as carbohydrates and organic acids) increase in response to nutrient-limited environments, although the composition of root exudates is species, age, and nutrient dependent (Marschner, 1995) . Barley root exudation per unit root biomass increased with decreasing N status (Darwent et al., 2003) . Several species have been shown to increase exudation of organic acids (e.g., malic and citric acids) in response to Al stress (Ojima et al., 1984) and P and Fe deficiency (Gardner et al., 1982; Gardner and Boundy, 1983; Ric de Vos et al., 1986; Lipton et al., 1987) . These complicating factors contribute to a limited understanding of the real causeand-effect parameters on root biomass decomposition, rhizodeposition, and SOC turnover.
MINIMUM CARBON INPUTS REQUIRED TO MAINTAIN SOIL ORGANIC CARBON
Increasing source C inputs coupled with static or reduced losses of C produces a net increase in SOC. The level of SOC changes until a new dynamic equilibrium level is reached, after which little additional net increase in SOC occurs (Jenkinson, 1981; Lal et al., 1998) without an additional shift in the equilibrium; however, much more research is needed to estimate this equilibrium accurately under different soil, climatic, and management systems. Cropping systems with ample C inputs will increase sequestered C; enhance microbial activity; improve soil physical properties related to soil structure, soil resilience, and aggregate stability, as well as water flux and water-holding characteristics; and nutrient cycling (Kay, 1998; Collins et al., 2000) , especially if associated with more rhizodeposition.
The MSC depends on precipitation and temperature, as well as crop, crop rotation, and tillage. The MSC has been estimated by a simple linear relationship (e.g., Larson et al., 1972; Paustian et al., 1997; Follett et al., 2005) :
where y is SOC and x is source C. When we determine the amount of x required to hold y 5 0, the values of a and b can be determined by various levels of measured x and y. Thus, solving for x when y 5 0, theoretically a # 0. Once MSC is known for a given system, the amount of source C needed to increase SOC can be inferred. It is possible that global warming could increase SOM decomposition and thus increase MSC values. Using stable isotope techniques in mesocosms, Heath et al. (2005) reported a decline in root-derived C sequestrated due to increased soil microbial respiration, even though shortterm growth stimulation occurred due to the ambient CO 2 environment. Moreover, Bellamy et al. (2005) reported a loss of SOC from all soils across England and Wales irrespective of land use; they suggested the loss was linked to climate change. This region has had a mean temperature increase of 0.58C and changes in rainfall distribution between 1978 and 2003 (Bellamy et al., 2005) .
Several studies attempted to estimate MSC (Table 3) . Most of these studies address only the input of aboveground residues; therefore, these values underestimate the total MSC. Averaging across crops with a positive change in SOC, an annual aboveground source C of 2.5 6 1.0 Mg C ha 21 (n 5 13) was needed with moldboard-plow systems, while 1.8 6 0.4 Mg C ha 21 (n 5 5) was needed in no-tillage and chisel-plow tillage systems. A smaller C input to maintain SOC with no-till compared with a moldboard system is due to less erosion of SOC-rich soil (Lal et al., 1998) and less tillage-induced C loss (Reicosky and Lindstrom, 1993; Reicosky and Allmaras, 2003) . Tillage-induced SOC losses are caused by greater convective aeration and accelerated microbial activity. In a long-term (28-yr) tillage and silage removal study, there was no difference in SOC between silage harvested and stover returned with no-tillage (Hooker et al., 2005) ; however, dramatic SOC losses occurred if silage was harvested and the soil was moldboard plowed (Wilts et al., 2004; Hooker et al., 2005) . Corn-based rotations with moldboard plowing tended to have a higher source C requirement (3.0 6 1.0 Reproduced from Agronomy Journal. Published by American Society of Agronomy. All copyrights reserved.
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, n 5 6) than moldboard plowed, wheat-based rotations (2.2 6 1.1 Mg C ha 21 , n 5 5), which may be related to the climatic conditions of the production regions. Typically, wheat is grown in regions with less rainfall and lower temperatures than required for corn, thus C turnover in the soil may be slower.
CURRENT AND PROJECTED SOURCE C INPUTS
The yield data (Fig. 2 ) for the seven crops shows a reasonably linear trend from 1940 to 2000, each with a different slope, largely as a result of a range of technological advances, discussed above. The yield projections (Tables 4 to 7) assume that harvestable yield will continue to follow a linear trend, as they have since 1940. It is reasonable to assume that technological advances will continue and grain yields will continue to increase at least for some time. The highest corn yield projected (Table 4) is consistent with the high yields observed by Yang et al. (2004) and genetic yield potentials suggested by Tollenaar and Lee (2002) . It must be noted that yield maximums may occur due to physiological limitation or adverse climatic changes, in which case our projections would overestimate future yield.
Corn
Current available source C inputs from aboveground corn vegetation (ESC) were estimated using stateaverage grain yields in 2003 and HI (Table 1) to estimate if they would provide MSC, recognizing that there is substantial yield variation within and among states. For example, county yield averages for corn across the country ranged from 1.1 to 14.7 Mg ha
21
, with the highest yields from irrigated regions (11.3 6 2.1 Mg ha 21 , 41 counties) and from the Corn Belt (9.4 6 1.6 Mg ha 21 , 507 counties) (USDA-National Agricultural Statistics Service, 2003). Irrigated corn (Table 4) is estimated to provide an average 4.0 6 0.8 Mg C ha 21 of ESC, while the U.S. national average ESC was 2.8 6 0.8 Mg C ha 21 (2371 counties in 41 states). In the five Corn Belt states with predominately rain-fed agriculture, the ESC from vegetative corn biomass provided 3.3 6 0.6 Mg C ha 21 (507 counties). A measured average of aboveground MSC of 3.0 6 1.0 Mg C ha 21 (n 5 6) for corn when moldboard plowed (Table 3) suggests that many fields within these regions have sufficient C inputs to store C; however, an aboveground ESC of 3.3 Mg C ha 21 in a 29-yr field study receiving annual moldboard plowing in western Minnesota did not prevent continued SOC loss (Table 3 ; Reicosky et al., 2002) . In a similar study, located in southeastern Minnesota, plots receiving high N fertilizer with an annual aboveground ESC of 2.3 Mg C ha 21 increased SOC as much as 0.27 6 0.14 Mg C ha 21 yr 21 (Table 3 ; Allmaras et al., 2004) . A significant difference between these two studies was the presence of secondary tillage in the Reicosky et al. (2002) study and its absence in the Allmaras et al. (2004) study. Vanotti et al. 1997, who et al. (2005) . ‡ ‡ NA, not available. § § Estimated critical C inputs were calculated using both NT and MBP data and from wheat-corn and wheat-soybean rotations (Follett et al., 2005) .
There are few MSC measurements for no-till or other conservation tillage methods (Table 3) . Based on the very limited dataset, the required vegetative aboveground corn residue inputs may be reduced to 2.1 6 0.1 Mg C ha 21 yr
, n 5 3. The total above-and belowground required input is two-to threefold greater than the shoot inputs, which reflects the importance of root C to SOC formation as discussed above. Follett et al. (1997) suggested that aboveground input requirements are multiplied by a factor of 2.2 to estimate both aboveground, root, and weed contributions in a winter wheat system, which supports our calculated values.
The MSC has direct implications for determining how much corn stover can be removed without decreasing SOC; as MSC increases, the amount of biomass harvestable for bioenergy decreases. Using a conservative average for MSC of 3.0 6 1.0 Mg C ha 21 (n 5 6) based on moldboard-plowed corn systems ( , which leaves 50% of the biomass on the field for erosion control. In the Corn Belt states (Table 4) , assuming a no-till system, state-average available stover ranges from 2.8 to 3.8 Mg ha 21 yr
. Assuming corn yields continue to increase and MSC remains constant, it is reasonable to assume that the amount of stover for bioenergy harvest should increase. For example, a grain yield of 20 Mg ha 21 is expected to 21 in shoot and root. ‡ Estimated root biomass plus rhizodeposition C/grain C plus vegetative C ratio (k rec ) 5 0.60 (Swinnen et al., 1994; Buyanovsky and Wagner, 1997; Kuzyakov, 2002a 21 in shoot and root. ‡ Estimated root biomass plus rhizodeposition C/grain C plus vegetative C ratio (k rec ) 5 0.60 (Swinnen et al., 1994; Buyanovsky and Wagner, 1997; Kuzyakov, 2002a † Estimated mean C content 5 0.40 in shoot and root. ‡ Estimated root biomass plus rhizodeposition C/grain C plus vegetative C ratio (k rec ) 5 0.60 (Swinnen et al., 1994; Buyanovsky and Wagner, 1997; Kuzyakov, 2002a . The amount of available stover for bioenergy is dependent on MSC; inherent is the assumption that if we manage for SOC, sufficient cover will be available to prevent erosion. This is only a reasonable assumption if conservation or no-till practices are followed. Larson's (1979) statement that "the need to maintain soil productivity should be our first consideration and only, once this criterion has been met, should crop biomass be removed for alternative purposes" is still relevant. Recently, Lal (2004) concluded that crop residue as a biofuel could not produce sufficient energy to make a major difference in reducing fossil fuel consumption; however, its removal may seriously jeopardize soil and environmental quality.
Soybean, Wheat, and Sorghum
There is very limited MSC data specific to soybean and sorghum available to determine the amount of C inputs required to maintain SOC. Using an overall average of 2.2 6 1.0 Mg C ha 21 (n 5 21) from soybean (Table 3) as critical residue C, there is not sufficient ESC produced, except perhaps in Kentucky and Missouri, where the yield is 2.22 Mg C ha 21 (Table 5) . Even if the current trend for yield increases continues during the next century, the ESC produced from soybean in many states will not be sufficient to maintain SOC (Table 5 ). Our projected yield estimates are even more conservative than the 3.2 to 4.0 Mg ha 21 by 2030 predicted by Specht et al. (1999) . Controlled environment studies indicate that soybean causes a positive rhizosphere priming effect (Fu and Cheng, 2002 ) that increases relict SOM decomposition. The soybean priming effect was responsible for a major portion of the total soil C efflux from that system (Cheng et al., 2003) . Thus, while soybean has many desirable attributes as a food crop, it presents unique challenges for designing management strategies that minimize its potential to accelerate SOC decline.
For wheat in the Pacific Northwest (Washington and Oregon), the critical source C input ranged from 1.2 to 4.0 Mg C ha 21 (Table 3) , depending on cropping system and moisture regime. This limited dataset for Washington suggests that critical source C for wheat fallow maybe twice that for continuous wheat. The ESC in Washington (Table 6) suggests that current inputs are nearly adequate for sustaining SOC, provided wheat is grown continuously without fallow and assuming an MSC of 1.8 6 1.0 Mg C ha 21 yr 21 (n 5 9) based on all wheat studies in Table 3 . For the Great Plains, estimates of aboveground MSC range from 0.3 Mg C ha 21 in Montana using mulch tillage (Black, 1973) to 2.1 Mg C ha 21 in Kansas using moldboard-plow tillage (Hobbs and Brown, 1965; Rasmussen et al., 1980;  Table 3 ). It should be noted that the 0.3 Mg C ha 21 of input C to maintain SOC estimated by Black (1973) is at least threefold lower than any other estimates reported in Table 3 . This vast difference may be caused by the use of a sweep with no other tillage in a cool, dry Montana environment. Using an MSC of 1.8 Mg C ha 21 yr 21 and 2003 state-average yields suggests that current wheat ESC inputs in many states are insufficient to maintain SOC. If the current yield trend continues nationally, it is projected that it would take about 30 yr for biomass yield to consistently provide sufficient ESC to maintain SOC. Potter et al. (1997) observed an annual average source C input in wheat-fallow (0.74 Mg C ha
21
) and continuous sorghum (1.72 Mg C ha 21 ) in a 10-yr experiment in Texas; no-till and stubble mulch produced the same amount of source C. In the same experiment, residue source C inputs for continuous wheat were 1.12 Mg C ha 21 if not tilled and 0.88 with stubble mulch tillage. Corresponding annualized increases in SOC in a 20-cm profile between no-till and stubble mulch was 0.24, 0.55, and 0.30 Mg C ha 21 in wheat-fallow, continuous wheat, and continuous sorghum, respectively. These increases suggest that a lower N concentration in wheat than sorghum residue was responsible for the larger SOC accumulation under wheat than under sorghum.
In Kansas, MSC values were 1.2 Mg C ha 21 with no-till and 1.7 Mg C ha 21 if conventionally tilled when comparing residue inputs among continuous soybean, soybeansorghum rotation, and continuous sorghum (Havlin and Kissel, 1997) . The 2003 sorghum grain yields and their corresponding ESC in the Great Plains (Table 7) exceed the suggested MSC for a no-till system, but not for a conventionally tilled system. Therefore, only those areas that are no-tilled are expected to be gaining SOC. If sorghum yield and corresponding source C continue the current yield trends, there is potential to sequester additional SOC (Table 7) .
Total Estimated Source Carbon Production
The total ESC values based on a conservative estimate of rhizodeposition and harvested yields of corn, soybean, wheat, and sorghum are reported in Tables 4, 5 , 6, and 7, respectively. These total ESC values provide a more realistic estimate of the net primary production (including C in the grain) and the size of the C cycle. In some cases, these ESC values can be compared with the total MSC values in Table 3 , but these comparisons are less precise than the comparison between vegetative ESC and vegetative MSC. The projected ESC values indicate the potential to sequester SOC for many crops, assuming constant C sequestration efficiency. Improvements in soil management (e.g., reducing tillage) may increase C sequestration efficiency. Thus one can expect more rhizodeposition and sequestered SOC for improved soil physical properties due to more biological activity.
CONCLUSIONS
Changes in available crop residue, soil management, and technological inputs enable agriculture to reduce SOC losses and to begin restoring SOC. Reviewing the role of total root-derived C to SOC from field studies suggests that previous estimates of root-derived C have been low. The underestimate of total root C may also imply that previous estimates of primary production were also low. This review identifies the role of total root C (root biomass C plus rhizodeposition C) and discusses Reproduced from Agronomy Journal. Published by American Society of Agronomy. All copyrights reserved.
the importance of defining MSC under different management systems (tillage, fertility, and crop rotation) for a given climate and soil. Similarly, accurate HI, k rec values, and MSC are a valuable step toward an indirect but easy method of predicting C storage and associated production and environmental benefits. The amount of total source C inputs estimated only from aboveground contributions, including those made in this review, underestimate the total C required to achieve dynamic equilibrium among C inputs and output, thus maintaining SOC. The growing interest in using crop residues as renewable energy demands that we have accurate estimates of MSC for long-term soil sustainability in addition to biomass cover for erosion control. The results also highlight the synergic benefits from simultaneously reducing tillage intensity and increasing biomass yield and therefore increasing source C needed to improve soil quality. Including rhizodeposition C in the calculation of k rec improves our estimates of total root C and total plant C inputs. We illustrated only a few of the many situations where this assumption of k rec and HI may be used to estimate total source C. This approach can be expanded to more crops and their impacts in crop rotations. These estimates, along with new information about rhizodeposition and seasonal CO 2 efflux, can evaluate photosynthetic potential. Knowledge of how soil and crop management influences stored C will allow agriculture to reduce its negative impacts on global climate change and lead to improved soil and environmental quality.
